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Epstein–Barr virus (EBV) BALF2 gene product is one of the essential components in the lytic phase of the EBV DNA
replication. The BALF2 protein was purified to near homogeneity from the nuclear extract of B95-8 cells with virus productive
cycle induced by chemical agents. SDS–polyacrylamide gel electrophoresis showed the presence of a single polypeptide
with a molecular weight of 130 K, which was identified as BALF2 protein by Western immunoblot analysis. On Superose 6
HR 10/30 gel filtration the BALF2 protein eluted at a position corresponding to an apparent molecular mass of approximately
128 K, indicating that the BALF2 protein behaves as a monomer in solution. The purified BALF2 protein bound to single-
stranded DNA preferentially over double-stranded DNA or single-stranded RNA. Replication of singly primed M13 single-
stranded DNA by the EBV DNA polymerase complex in the absence of the BALF2 protein exhibited a highly processive
mode of replication and generated full length products in addition to some bands of pausing sites. Although the addition
of the BALF2 protein did not affect the replication rate, the average chain length of the replication products was slightly
increased with eliminating bands of pausing sites. Similar effects were observed with the reconstituted polymerase complex
composed of the BALF5 and BMRF1 Pol subunits. On the other hand, in the absence of the BALF2 protein, the BALF5 Pol
catalytic subunit alone extended the primer slightly and paused at specific sites on M13 ssDNA template where stable
secondary structure is predicted. However, addition of the BALF2 protein, in contrast to the case of herpes simplex virus
ICP8 which does not affect the overall distribution of length of the replication products synthesized by the HSV Pol catalytic
subunit (Gottlieb et al., 1990, J. Virol. 64, 5976–5987), stimulated DNA synthesis and yielded a distribution of replication
products with long lengths in addition to full length products. Although the BALF2 protein behaved as if it converts a low
processive enzyme of the EBV Pol catalytic subunit to a highly processive form like the BMRF1 Pol accessory subunit,
challenger DNA experiments revealed that the EBV Pol catalytic subunit is transferred to challenger DNA even in the
presence of the BALF2 protein. It is therefore likely that the EBV BALF2 protein functions to melt out the regions of secondary
structure on the single-stranded DNA template, thereby reducing and eliminating pausing of the EBV DNA polymerase at
specific sites. These properties indicate that the EBV BALF2 protein acts as a single-stranded DNA-binding protein during
lytic phase of EBV DNA replication. q 1996 Academic Press, Inc.
INTRODUCTION genome is amplified 100- to 1000-fold. The replication
product is a head to tail concatemer which is synthesized
Epstein–Barr virus (EBV) is a human herpesvirus with
via a rolling circle mechanism initiated from the lytic
a linear double-stranded DNA, 172 kb in length (Baer et
phase replication origin, ori Lyt (Hammerschmidt andal., 1984). The EBV has both a latent state and a lytic
Sugden, 1988).replicative cycle. Latency replication occurs once per cell
Recently it has been demonstrated that EBV encodescycle and is dependent on cellular DNA replication ma-
seven viral genes that are essential for ori Lyt-dependentchinery except for a single EBV-encoded protein, EBNA
DNA replication (Fixman et al., 1995). These genes and1 (Yates and Guan, 1991). The EBV genome is maintained
their functions, which are known or have been predictedas a circular plasmid molecule and ori P, the latent phase
on the basis of sequence comparison with herpes sim-replication origin of EBV, mediates this type of replication
plex virus (HSV) type 1 (Fixman et al., 1995; Wu et al.,(Yates et al., 1984). The immediate-early BZLF1 protein
1988), are BALF5, the DNA Pol catalytic subunit; BMRF1,disrupts viral latency through transactivation of early EBV
the DNA Pol accessory subunit; BALF2, the single-genes. After induction of the lytic phase of viral replica-
stranded DNA-binding protein; BBLF4 and BSLF1, heli-tion, EBV replication proteins are induced and the EBV
case and primase; BBLF2/3, helicase–primase-associ-
ated protein; and BZLF1, lytic transactivator and ori
1 To whom correspondence and reprint requests should be ad- Lyt-binding protein. However, EBV does not encode andressed at the Laboratory of Virology, Research Institute for Disease
equivalent of HSV origin-binding protein, UL9 protein. AMechanism and Control, Nagoya University School of Medicine, 65,
Tsuruma-cho, Showa-ku, Nagoya 466, Japan. Fax: 81-52-744-2428. number of features of EBV DNA replication make it a
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unique model system for the study of eukaryotic DNA from a patient with mononucleosis, were grown in RPMI
replication. Our goal is to understand the enzymatic pro- 1640 medium containing heat-inactivated 10% fetal calf
cesses during the lytic phase of the EBV DNA replication. serum at 377 (Tsurumi, 1991a).
So far, the EBV DNA polymerase holoenzyme which ap-
Preparation of nucleipears to be composed of the BALF5 Pol catalytic subunit
and the BMRF1 Pol accessory subunit have been studied
The B95-8 cells were seeded at 106 cells/ml in cultureand characterized in detail (Chiou et al., 1985; Kallin et
medium. After 48 hr of cultivation at 377, the chemicalal., 1985; Kiel and Dorsky, 1991; Li et al., 1987; Lin et al.,
inducers were added at final concentrations of 100 ng/1991; Tsurumi, 1991a; Tsurumi et al., 1993a). However,
ml for phorbol 12-myristate 13-acetate (TPA) and 5 mMlittle was known about other viral replication proteins.
for sodium n-butyrate. At 48 hr postinduction 4 g of theHere we focus on the EBV putative single-stranded DNA-
cells were harvested, washed with cold HEPES-bufferedbinding protein encoded by BALF2 gene.
saline (20 mM HEPES–Na [pH 7.2], 1 mM dithiothreitolIn general a class of single-stranded DNA-binding pro-
[DTT], 150 mM NaCl), and then suspended in hypotonicteins (SSB) play a central role in the ‘‘three Rs’’ of DNA
lysis buffer (20 mM HEPES–Na [pH 7.2], 1 mM EDTA,metabolism: replication, repair, and recombination. SSBs
1 mM ethylene glycol-bis(b-aminoethylether)-N,N,N*,N*-have referred to proteins that have strong affinity for sin-
tetraacetic acid [EGTA], 1 mM phenylmethylsulfonyl fluo-gle-stranded DNA over duplex DNA and over RNA
ride [PMSF], 10 mg each of pepstatin A and leupeptin(Chase and Williams, 1986). These proteins do not hy-
per ml) for 30 min at 07 to swell the cells. The nucleidrolyze nucleoside triphosphates and have no known
were prepared by dounce homogenization and finallyenzymatic activities. The EBV BALF2 gene product is
suspended in the stock buffer (20 mM HEPES–Na [pHconfirmed to be indispensable for the lytic phase of EBV
7.2], 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF,DNA replication (Decaussin et al., 1995; Fixman et al.,
10 mg each of pepstatin A and leupeptin per ml, 10%1995). Since the BALF2 gene product contains a series
sucrose) and stored at 0807.of ssDNA-binding motifs that are conserved in a number
of SSB proteins (Wang and Hall, 1990), the BALF2 protein
Purification of the EBV BALF2 proteinhas been predicted to be the EBV putative single-
stranded DNA-binding protein. The BALF2 protein has All procedures were carried out at 47. The stored nu-
about 30% amino acid sequence homology with HSV-1 clear preparations were thawed and collected by low-
SSB, ICP8 (Quinn and McGeoch, 1985). However, the speed centrifugation. The pellet was resuspended in
ICP8 protein possesses a zinc finger motif in addition to buffer A (10% glycerol, 20 mM Tris–HCl [pH 7.6], 1 mM
the ssDNA-binding motif, while the BALF2 protein lacks EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 10 mg each
the zinc finger (Gao et al., 1988). So far, there has been of pepstatin A and leupeptin per ml) containing 0.5 M
no direct evidence that the BALF2 protein acts as an NaCl and centrifuged at 20,000 rpm in a Hitachi SW28
SSB during EBV DNA replication. In this paper we have rotor for 1 hr at 47. The supernatant was dialyzed against
developed the purification system of the BALF2 protein, buffer B (25% glycerol, 20 mM Tris–HCl, pH 7.6, 1 mM
characterized its interaction with nucleic acids, and stud- EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 10 mg
ied the action of the BALF2 protein on the replication of
pepstatin A and 10 mg leupeptin per ml) containing 0.05
singly primed M13 ssDNA by the EBV DNA polymerase
M NaCl overnight. The precipitate remaining after dial-
complex or by the BALF5 Pol catalytic subunit in order
ysis was removed by centrifugation (Fraction II).to gain a better understanding of its role(s) in EBV DNA
Fraction II was loaded onto a phosphocellulose (P 11;replication. The BALF2 protein greatly enhanced DNA
Whatman BioSystems, Ltd.) column (7-ml bed volume)synthesis catalyzed by the BALF5 Pol catalytic subunit
equilibrated with buffer B containing 0.05 M NaCl. Theand yielded replication products with long length. On the
phosphocellulose column was washed with 25 ml bufferother hand, the BMRF1 Pol accessory protein conferred
B containing 0.05 M NaCl and eluted with a 90-ml lineara high processivity to the polymerization reaction by the
gradient from 0.05 to 1.0 M NaCl in buffer B. The fractionsPol catalytic subunit, thereby enhancing the DNA synthe-
were analyzed by 8% SDS–polyacrylamide gel electro-sis. Our results indicate that the BALF2 protein acts not
phoresis followed by staining with Coomassie blue andas processivity factor but as an SSB during the EBV DNA
were also monitored by Western immunoblotting of thereplication and that its major mechanism is to melt out
fractions with anti-BALF2 protein-specific antibody. Peaksecondary structures on single-stranded DNA template
fractions were pooled and dialyzed against 100 volumesthereby facilitating the movement of the EBV DNA poly-
of buffer B containing 0.1 M NaCl (Fraction III).merase.
Fraction III was applied to a column (2-ml bed volume)
MATERIALS AND METHODS of heparin agarose (GIBCO BRL) equilibrated with buffer
Tissue culture B containing 0.1 M NaCl. The column was washed and
eluted with a 28-ml linear gradient from 0.1 to 0.8 M NaClB95-8 cells, cells of a virus-producing marmoset
lymphoblastoid cell line immortalized with human EBV in buffer B. Peak fractions were concentrated to a total
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volume of 200 ml (Fraction IV) on a Centricon 100 micro- amphenicol-resistant colonies were picked up. The re-
combinant plasmid containing the BALF2 open readingconcentrator (Amicon).
Fraction IV was applied to a prepacked bed of Su- frame, pEBBamHIA, was identified by the size of the in-
serted DNA and by the restriction mapping analysesperose 6 HR 10/30 column (Pharmacia Biotech; 21-ml
bed volume) equilibrated in buffer C (20 mM Tris–HCl (data not shown). The DNA fragment containing a full-
length copy of the BALF2 gene was isolated from plasmid[pH 7.6], 1 mM EDTA, 1 mM DTT, 25% glycerol) containing
0.3 M NaCl. The column was eluted at a flow rate of 0.15 pEBBamHIA by digestion with HindIII and EcoRI and in-
serted into the HindIII– EcoRI sites of the plasmid pBlue-ml/min and 0.2-ml fractions were collected. The peak
fractions were pooled and dialyzed against 100 volumes script (KS/) (Stratagene) to generate pEBSSB.
An anti-BALF2 protein-specific antibody was producedof buffer C containing 0.05 M NaCl (Fraction V).
Fraction V was applied to a column (1-ml bed volume) against a fusion protein consisting of T7 phage f10 pro-
tein (280 aa) and the carboxyl-terminal two-thirds of theof DEAE agarose (Bio-Rad Laboratory) equilibrated with
buffer C containing 0.05 M NaCl. The column was EBV BALF2 protein (699 aa) as follows. The SacI–XbaI
fragment (EBV nucleotide 163478–161388) from pEBSSBwashed and eluted with a 20-ml linear gradient from 0.05
to 0.4 M. Peak fractions were pooled, concentrated by was inserted between the SacI and the XbaI sites of
plasmid pUC118 (Takara Shuzo). The recombinant plas-ultrafiltration in a centrifuge (Centricon 100; Amicon) in
buffer C containing 0.3 M NaCl (Fraction VI) and stored mid pUC118/BALF2 was digested with EcoRI and HindIII
and inserted in frame between the EcoRI and HindIIIat 0807.
sites of the expression vector pGEMEX2 (Promega). The
Native molecular weight determination by gel recombinant plasmid pGEMEX2/BALF2 was transformed
filtration into BL21(DE3), an E. coli line which expresses T7 RNA
polymerase. The BALF2 fusion protein was expressed inThe native molecular weight of the BALF2 protein was
E. coli harboring pGEMEX2/BALF2 by induction with 1determined by the result from the third-step chromatogra-
mM isopropyl-1-thio-b-D-galactopyranoside. The E. coliphy of Superose 6 HR 10/30 column. A standard curve of
cell pellet was collected and suspended in 10 volumesKav versus log10Mr was determined by chromatographing
of lysis buffer (10 mM sodium phosphate [pH 7.5], 30independently the following: protein standards (calibra-
mM NaCl, 0.25% Tween 20, 10 mM 2-mercaptoethanol,tion protein kit for gel chromatography; Boehringer Mann-
10 mM EDTA, 10 mM EGTA) and lysed by freeze–thawingheim Biochemica), blue dextran (for the void volume, Vo),
and sonication. After centrifugation at 12,000 g for 30and deoxycytidine (for the total volume, Vt). Kav , the frac-
min, the cell pellet was resuspended with sample buffertional retention, was calculated according to the formula
for SDS–PAGE. The soluble sample was then subjectedKav  (Ve 0 Vo)/(Vt 0 Vo), where Ve is the peak fraction
to SDS–PAGE. The band of BALF2 fusion protein wasvolume for each protein.
excised and the protein was extracted with a buffer con-
taining 25 mM Tris, 195 mM glycine, and 0.1% SDS. ThePolyacrylamide gel electrophoresis and protein
purity of the obtained BALF2 fusion protein was moredetermination
than 90% as judged by SDS–PAGE. A Japanese White
SDS–polyacrylamide gel electrophoresis was per- rabbit was immunized subcutaneously using the purified
formed as described (Tsurumi, 1993). Gels were fixed fusion protein seven times at biweekly intervals. Immuno-
and stained with Coomassie blue. Immunoblotting was globulin G of the immunized rabbit serum was purified
performed as described (Tsurumi, 1993). Protein concen- through the affinity column coupled with the purified
tration was determined by the Bradford method with bo- BALF2 fusion protein as described previously (Tsurumi
vine serum albumin as a standard. et al., 1993b). The protein concentration of the anti-BALF2
protein-specific antibody was 500 mg/ml in PBS.
Preparation of an antibody against EBV BALF2
protein
DNA probes and competitors
The B95-8 cells were treated with phorbol 12-myristate
13-acetate and sodium n-butyrate as described. After in- Radiolabeled plasmid DNA, pVL941 (9.9 kb), used in
filter-binding experiments, was made by digestion of thecubation for 48 hr at 377, the culture medium was col-
lected and extracellular virus particles were purified and plasmid DNA with BamHI restriction enzyme and then
filling the overhanging ends with the Klenow fragment oftreated with SDS and proteinase K as described pre-
viously (Tsurumi et al., 1986). The purified EBV whole E. coli DNA polymerase I in the presence of 4 mM each
[3H]dATP and [3H]dGTP and 50 mM each TTP and dCTP.DNA was completely digested with BamHI. After the
BamHI-digested EBV DNA fragments were inserted into The unreacted nucleotides were removed by centrifuga-
tion through a Chroma-spin 30 column. The 3*-terminallythe BamHI site of pACYC 184 (Tsurumi et al., 1986), the
ligated recombinant plasmids were transformed into labeled pVL941DNA, of which specific activity was 1.2 1
108 cpm/mg, was denatured to generate single-strandedEscherichia coli HB101. Tetracycline-sensitive and chlor-
AID VY 8056 / 6a1c$$$122 07-16-96 20:36:29 vira AP: Virology
355CHARACTERIZATION OF EBV BALF2 PROTEIN
DNA substrate (9.9 kb in length) before use by heating (Tsurumi, 1991a). DNA primase and DNA-dependent AT-
Pase assays were done as described (Crute et al., 1989).1007 for 5 min and then rapidly chilling to 07.
Single-stranded polynucleotides were purchased from
Preparation of the BALF5 Pol catalytic subunit, theMidland, Inc. [poly(dT)] or Pharmacia (all others). The
BMRF1 Pol accessory subunit, and the EBV DNA Polaverage lengths of the polynucleotides were 300 [po-
complexly(dC)], 2000 [poly(dT)], 200 [poly(rU)], 600 [poly(rA)].
M13mp18ssDNA was prepared as described previously
The overexpression and purification systems of the
(Tsurumi, 1991b). fX174 ssDNA was from New England
individual components have been developed by using a
Biolabs. l dsDNA was purchased from Takara Shuzo
baculovirus expression system (Tsurumi, 1993; Tsurumi
Co., Ltd.
et al., 1993b). The EBV DNA Pol catalytic subunit (BALF5
protein) was purified from cytosolic extracts of recombi-Nitrocellulose filter binding assay
nant baculovirus AcBALF5-infected Sf9 cells essentially
Formation of BALF2 protein–ssDNA complexes was
as described previously (Tsurumi et al., 1993b).
measured by using alkali-treated nitrocellulose filters
The EBV DNA Pol accessory subunit (BMRF1 protein)
(Millipore; Type HAWP, pore size 0.45 mm) as described
was prepared from nuclear extracts of recombinant bacu-
previously (McEntee et al., 1980; Tsurumi, 1993). Filters
lovirus AcBMRF1-infected Sf9 cells as described pre-
were soaked in 0.5 M KOH for 20 min at room tempera-
viously (Tsurumi et al., 1993a).
ture, washed extensively with distilled water, then
The EBV DNA polymerase complex was purified from
washed with 100 mM Tris–HCl (pH 7.6) and stored in
nuclear extract of B95-8 cells treated by 100 ng/ml TPA
the same buffer at 47. Neither ssDNA nor duplex DNA is
and 5 mM sodium n-butyrate as described previously
retained by the alkaline-washed filters, but protein–DNA
(Tsurumi, 1991a).
complexes are efficiently retained. The standard assay
mixture (100 ml) contained 48 ng of the 3*-end-labeled Measurements of the effect of the EBV BALF2 protein
linear ssDNA (1.2 1 108 cpm/mg) and various amounts on the EBV DNA replication of singly primed circular
of the BALF2 protein in DNA binding buffer consisting of M13 ssDNA
20 mM Tris–HCl (pH 7.6), 1 mM EDTA, 125 mM NaCl, 1
mM DTT, and 5% glycerol. The mixtures were incubated An oligodeoxynucleotide CACAATTCCACACAAC, com-
plementary to nucleotides 6170 to 6185 of M13mp18 sin-for 20 min at 237. Reactions were then diluted 10-fold
in DNA binding buffer and applied to the alkali-treated gle-stranded DNA, was purchased from New England
Biolabs, Inc. To form singly primed M13 single-strandednitrocellulose filter by using a multichannel filtration man-
ifold. The filters were washed with 2 ml of DNA binding DNA, the synthetic 16-mer DNA was annealed at a molar
ratio of 20:1 to M13mp18 single-stranded DNA in a bufferbuffer, dried, and determined the radioactivity bound by
Aloka liquid scintillation counter. All data were corrected (20 mM Tris–HCl [pH 8.0], 1 mM MgCl2 , 0.3 M NaCl).
The hybridization mixture was incubated at 907 for 5 min,for background (i.e., radioactivity retained on the filter in
the absence of the BALF2 protein). allowed to cool to room temperature for 1 hr, and incu-
bated for a further 1 hr at 307. The primed M13 single-
Competitive filter-binding assay stranded DNA was separated from excess primer by cen-
trifugation through a spun column of Chroma Spin-100To determine the binding preference of the BALF2 pro-
tein for various nucleic acids, samples containing 24 ng (Clontech Laboratory, Inc).
Measurements of the effect of the BALF2 protein onof the 3H-labeled linear ssDNA (1.2 1 108 cpm/mg) were
mixed with various fold mass excess of competing, unla- the EBV DNA polymerase activity were performed in 30
ml of buffer C (20 mM HEPES–Na [pH 7.5], 2 mM MgCl2 ,beled nucleic acid in the DNA binding buffer. The BALF2
protein (320 ng) was added at a limiting concentration 1 mM DTT, 5% glycerol, 50 mM NaCl, 100 mg of BSA per
ml) containing 40 mM dTTP, 40 mM dATP, and 24 ng ofsufficient to bind the labeled ssDNA to the nitrocellulose
filter in the absence of competing nucleic acids. The total singly primed M13 single-stranded DNA circle along with
the EBV DNA polymerase complex (0.8 ng), or the BALF5volume of each mixture was 100 ml and the samples
were processed as described above. In the presence of Pol catalytic subunit (0.5 ng), or the reconstituted Pol
complex composed of the BALF5 protein and the BMRF1a competing nucleic acid, the decrease in the percentage
retention of the labeled ssDNA, compared to samples Pol accessory subunit (0.5 ng each). After addition of 0.3
mg of the BALF2 protein or a buffer C containing 300 mMwithout competing nucleic acid, reflected the relative af-
finity of the BALF2 protein for the competing nucleic NaCl, the reaction mixtures were preincubated on ice for
10 min. After the addition of 40 mM dGTP and 2 mMacids.
[a-32P]dCTP (800 Ci/mmol), reactions were initiated by
Enzyme assays shifting the reaction temperature to 357. The samples (30
ml) were removed at the times indicated and quenchedStandard EBV DNA polymerase assay and DNase
assays were carried out as described in a previous report by addition of 5 ml of 200 mM EDTA. Six microliters of
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aliquotes was analyzed for DNA synthesis by measure- eluted at 0.3 M NaCl. SDS–polyacrylamide gel electro-
phoresis of the Superose 6 fractions showed that thement of the radioactivity incorporated into acid-insoluble
material as described (Tsurumi, 1991a). When the repli- peak of the 130 K protein visualized by Coomassie blue
staining was coincident with the peak of the BALF2 pro-cation products were analyzed by alkaline 1.2% agarose
gel electrophoresis (Sambrook et al., 1989), the products tein as judged by immunoblotting with anti-BALF2 pro-
tein-specific antibody (Fig. 1). On the DEAE agarose col-were precipitated with ethanol to remove unincorporated
nucleotides. The precipitates were resuspended in 50 umn, the BALF2 protein eluted at 0.2 M NaCl. The pooled
fraction contained a single polypeptide of 130 K (Fig. 2),mM NaOH, 1 mM EDTA, 3% glycerol, 0.1% bromophenol
blue. The samples were heated to 1007 for 3 min and then slightly larger than the estimated molecular weight of
123,122 from the open reading frame. The purification ofloaded onto the 1.2% alkaline agarose gels containing 50
mM NaOH and 1 mM EDTA. After electrophoresis was the BALF2 protein is summarized in Table 1. The yield
was determined to represent 6.6% of the original quantityrun at 120 mA for 4.5 hr, the gels were washed in 7.5%
trichloroacetic acid and then dried on DE81 paper under of the BALF2 protein produced in the induced B95-8 cells.
The purified BALF2 protein was devoid of detectablevacuum. The dried gels were exposed to Fuji imaging
plate and analyzed by Fuji Image Analyzer BAS 2000. DNA polymerase, and DNase, DNA primase, DNA-de-
pendent ATPase activities (data not shown).
Challenger DNA experiment
Native molecular weight analysis
To prepare singly primed fX174 ssDNA, an oligonu-
The molecular weight of the native BALF2 protein wascleotide primer (15-mer), ATTGCCCGGCGTACG, com-
determined by the result from Superose 6 HR 10/30 gelplementary to fX174 ssDNA (O’Donnell and Kornberg,
filtration. A plot of Kav versus log10Mr was derived from1985) was annealed to fX174 ssDNA and processed as
the elution profile of several protein standards and wasdescribed in the preparation of the singly primed M13
used to estimate the native molecular weight of thessDNA.
BALF2 protein (Fig. 3). The calculated Mr of 128,000 isSpecific details of the challenger DNA experiment are
approximately the same size as the protein monomer,given in the figure legends. The EBV DNA Pol complex
indicating that the BALF2 protein behaves as a monomer(0.4 ng) or the BALF5 Pol catalytic subunit (0.5 ng) was
in solution.incubated for 5 min (357) with 10 fmol of singly primed
M13 ssDNA (as circle) coated or uncoated with the
The BALF2 protein exhibits single-stranded DNA-BALF2 protein (500 ng) in 30 ml of buffer C containing 25
binding activity
mM each dNTP. After the incubation, the reaction was
mixed with a solution (5 ml) containing 30 fmol of singly Formation of the BALF2 protein–ssDNA complexes
primed fX174 ssDNA (as circle) in buffer C containing was measured by using alkali-treated nitrocellulose fil-
5 mCi of [a-32P]dGTP (3000 Ci/mmol), and the incubation ters (Fig. 4). A 48-ng sample of 3H-labeled single-
was continued for 15 min before quenching with an equal stranded DNA was mixed with increasing amounts of the
volume of 1% SDS and 50 mM EDTA. The replication BALF2 protein. As shown in Fig. 4, the BALF2 protein
products were analyzed by neutral 0.7% agarose gel elec- bound to the labeled ssDNA in a dose-dependent and
trophoresis (Sambrook et al., 1989). The gels were dried slightly sigmoidal fashion, whereas the control BSA did
and exposed to Fuji imaging plate and analyzed by Fuji not (data not shown).
Image Analyzer BAS 2000. Competition experiments have been performed in or-
der to compare the relative affinity of the BALF2 protein
for ssDNA, dsDNA, and ssRNA. Figure 5 shows that theRESULTS
BALF2 protein did not bind efficiently to poly(rA), poly(rU),
Purification of the EBV SSB encoded by BALF2 gene or l dsDNA and that poly(dT), poly(dC), and M13 ssDNA
competed efficiently with the labeled ssDNA. Thus, theB95-8 cells were treated with 100 ng/ml TPA and 5
EBV BALF2 protein has a very low affinity for dsDNA ormM sodium n-butyrate to induce the lytic phase of EBV
ssRNA and preferentially binds to single-stranded DNA.DNA replication. The BALF2 protein was induced after
addition of the chemical agents as judged by Western
The effect of the EBV BALF2 protein on the EBV DNA
immunoblot analysis using anti-BALF2 protein-specific
replication of singly primed circular M13 single-
antibody and localized in nuclei of the lymphoblastoid
stranded DNA
cells (data not shown). On the phosphocellulose column
chromatography the BALF2 protein eluted at 0.15 M To determine the effect of the BALF2 protein on the
EBV DNA replication, we have studied DNA synthesis byNaCl, while the EBV DNA polymerase eluted at 0.35 M.
On the next heparin agarose column chromatography the the EBV DNA polymerase on a singly primed M13 single-
stranded DNA template covered or uncovered with theBALF2 protein eluted at 0.42 M NaCl and was completely
separated from the contaminated DNase activity, which BALF2 protein. To prevent removal of the DNA primer by
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FIG. 1. Superose 6 gel filtration of the BALF2 protein. Aliquots of 6 ml of the Superose 6 fraction (38–49) were subjected to 8% SDS–polyacrylamide
gel electrophoresis and (A) Coomassie blue stained or (B) analyzed by Western blot with anti-BALF2 protein-specific antibody. The positions of the
molecular weight standards (in thousands) are indicated at left of A. DF is the dye front. The positions of the BALF2 protein are indicated at the
right of A and B (arrowhead). The arrow denotes the peak fraction (42) of BALF2 protein.
the 3*-to-5* exonuclease activity of the EBV DNA polymer- analyzed in an alkaline 1.2% agarose gel electrophoresis.
In the absence of the BALF2 protein, maximal activity ofase, dATP and dTTP were added to the reaction in ad-
vance. After addition of the remaining dNTPs, synchro- the replication of primed ssDNA by the EBV DNA poly-
merase complex isolated from EBV-producing B95-8nous DNA synthesis was initiated upon shifting the tem-
perature to 357. DNA synthesis was quantitated by cells occurred at pH 7.5 in the presence of 2 mM MgCl2
and 50 mM NaCl (data not shown). The reaction withoutmeasurement of the nucleotides incorporated into acid-
insoluble materials and the replication products were added polymerase verified the lack of DNA polymerase
contamination in the BALF2 protein sample (Fig. 8A).
Effect of the BALF2 protein on replication by the EBV
DNA Pol complex purified from EBV-producing lymph-
oblastoid cells. To determine the effect of the BALF2
protein on replication of the singly primed M13 single-
stranded DNA by the EBV DNA Pol complex, a constant
amount of the EBV Pol complex and the amounts of the
BALF2 protein indicated in Fig. 6 were preincubated and
then the Pol assays were performed. Rate determination
was based on 20 min of incubation under reaction condi-
tions in which Pol activity was proportional with time.
As has been observed previously (Tsurumi, 1991b),
the EBV DNA Pol complex exhibited a highly processive
mode of DNA replication even in the absence of the
BALF2 protein (Fig. 6B). However, there appeared two
major specific bands of pausing sites on the M13 single-
stranded DNA circle (sites 1 and 2 in Figs. 6–8). We
presume that these pausing sites represent sites of sub-
FIG. 2. The BALF2 protein purified from EBV-producing lymphoblas-
stantial secondary structures on the single-strandedtoid cells. The peak fractions of the final step chromatography of the
DNA template under the reaction condition (Villani et al.,DEAE-agarose column were collected and concentrated by Centricon
100 microconcentrator. The purified protein was subjected to SDS– 1981). Addition of the BALF2 protein to the reaction did
PAGE (8% polyacrylamide) followed by (A) staining with Coomassie not so stimulate the nucleotide incorporation by the EBV
blue or (B) analysis by Western immunoblot with anti-BALF2 protein-
Pol complex. Amounts in excess of the BALF2 proteinspecific antibody. Lane A1 contains the molecular weight standards
(over 0.40 mg) rather inhibited the polymerase activity(numbers given in thousands), lane A2 contains the purified BALF2
protein. (Fig. 6A). However, analyses of the replication products
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TABLE 1
Purification of the BALF2 Protein
Fraction Step Total protein (mg) BALF2 proteina (mg) Purity (%) Yield (%)
I Total cell extract (cytosol / nuclei) 272 1240 0.4 100
II 0.5 M NaCl nuclear extract 50 1200 2.4 97
III Phosphocellulose 4.0 332 8.3 27
IV Heparin-agarose 1.34 295 22 24
V Superose 6 HR 0.158 120 76 9.6
VI DEAE-agarose 0.084 82 98 6.6
a The amounts of BALF2 protein were calculated from densitometric analyses of Coomassie blue-stained SDS–PAGE gels by the DVS3000 Image-
Processing Scanner (Hamamatsu Photonic, Inc.).
showed abolishment of the bands of pausing sites and synthesis were detected (Fig. 8A). The EBV Pol catalytic
subunit extended the primer slightly and the polymeriza-slight increase in the average chain length by the BALF2
protein (Fig. 6B). tion rate was estimated to be 1 nucleotide/sec. The
BALF5 protein by itself could not pass through the barrier,To explore further the mechanism of the BALF2 protein
on replication by the EBV DNA Pol complex we examined site 1, on M13 ssDNA possibly due to its weak binding
to the primer terminus during polymerization. The reac-the replication products of DNA synthesis in the absence
and presence of the BALF2 protein over the time course tion with the BALF5 protein was significantly altered by
adding the BALF2 protein. DNA synthesis was stimulatedof incubation shown in Fig. 7. Based on the average chain
lengths observed after 3 and 6 min of DNA synthesis, significantly (Fig. 8A) and relatively long products, some
of which approached full length, were synthesized (Fig.we can estimate the intrinsic rate of deoxynucleotide
polymerization by the EBV Pol complex to be 16–20 nu- 8B, left). The rate of polymerization increased to 12 nucle-
otides/sec.cleotides/sec, both in the absence and in the presence
of the BALF2 protein. Although the BALF2 protein appar- Reconstitution of the EBV Pol holoenzyme consisting
of the BALF5 and BMRF1 proteins in vitro resulted in aently has no effect on the intrinsic rate of DNA synthesis
by the EBV DNA Pol complex, it eliminated pausing sites strikingly high processive mode of deoxynucleotide poly-
merization with specific pausing sites in the absence ofat the position of DNA product strands of 2900 and 500
nucleotides in length. the BALF2 protein (Fig. 8B, right). The addition of the
BALF2 protein to the reaction resulted in a slight increaseEffect of the BALF2 protein on replication by the BALF5
Pol catalytic subunit or by the reconstituted holoenzyme in the nucleotide incorporation. The analyses of the repli-
cation products showed increase in the average chaincomposed of the BALF5 and BMRF1 Pol subunits. With
the BALF5 Pol catalytic subunit alone, low levels of DNA length of replication products with remarkable decrease
FIG. 4. The binding of the EBV SSB to single-stranded DNA. TheFIG. 3. Molecular weight determination of the BALF2 protein (EBV
SSB). Gel filtration chromatography was carried out using a Superose BALF2 protein–single-stranded DNA complexes were analyzed by ni-
trocellulose filter binding assays described under Materials and Meth-6 HR 10/30 column as described under Materials and Methods. The
Kav versus the log10Mr were plotted for the standards (l). The Kav of ods. Each reaction mixture (100 ml) contained the indicated amounts
of the EBV SSB and 48 ng of 3H-labeled single-stranded DNA (1.2 10.6 for the EBV SSB (h) intersected the line to give a predicted native
molecular weight of 128 K. The standards were blue dextran (2000 K), 108 cpm/mg). In these experiments binding saturation occurred with
60% of the input DNA being retained on the filter. Points represent theferritin (440 K), catalase (240 K), aldolase (160 K), bovine serum albumin
(68 K), ovalbumin (45 K), and deoxycytidine (227). average of duplicate filter binding assay.
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nonprocessive polymerase would incorporate label pref-
erentially into fX174 DNA.
In the absence of the BALF2 protein the EBV Pol cata-
lytic subunit incorporated the label preferentially into
fX174 DNA (Fig. 9B, top, lane 2), indicating that transfer
of the Pol subunit to challenger DNA frequently occurred,
possibly due to its low processive mode of replication.
With the M13 ssDNA template coated with the BALF2
protein, the BALF5 Pol subunit synthesized replication
products with long lengths in addition to full length prod-
ucts. The BALF2 protein behaved as if it converts the low-
processive enzyme of the BALF5 Pol catalytic subunit to
a highly processive form like the BMRF1 Pol accessory
subunit. However, the transfer of the enzyme to the chal-
FIG. 5. Competitive filter-binding assay. Competition assays were lenger fX174 DNA still occurred in the presence of the
carried out as described under Materials and Methods. Each reaction
BALF2 protein (Fig. 9B, top, lane 6). Thus, it strengthensmixture (100 ml) contained 0.3 mg of the EBV SSB and 24 ng of 3H-
the idea that the BALF2 protein functions to remove thelabeled single-stranded DNA (1.8 1 108 cpm/mg) and was challenged
with the indicated amounts of unlabeled competing nucleic acids: circu- barriers that block replication on the M13 ssDNA tem-
lar M13 ssDNA (s), poly(dT) (n), poly(dC) (h), poly(rA) (l), poly(U) (j), plate, thereby facilitating the movement of the EBV Pol
and linear l dsDNA (m). catalytic subunit on the single-stranded DNA template.
On the other hand, in the case of the EBV DNA Pol
complex most of the radioactivity was associated within the band density of the pausing sites. The polymeriza-
the M13 DNA, showing only minimal transfer of the Poltion rate was calculated to be 16–20 nucleotides/sec
both in the absence and in the presence of the BALF2
protein.
Thus, the only effect of the BALF2 protein on replication
of the intact enzyme and the reconstituted Pol complex
composed of BALF5 protein and BMRF1 protein was to
remove the barriers that block replication. On the other
hand, the BALF2 protein appeared to convert a quasipro-
cessive enzyme of the BALF5 Pol catalytic subunit to a
highly processive form of the enzyme that synthesizes
very long products with almost no pause sites like the
BMRF1 Pol accessory subunit.
DNA replication by the EBV Pol catalytic subunit or
the EBV Pol complex in the presence of challenging
template
Comparison of the processivity of the EBV Pol complex
FIG. 6. The effect of the EBV SSB on replication of singly primed M13with that of the Pol catalytic subunit and the effects of
single-stranded DNA by the EBV DNA polymerase complex. Assays ofthe BALF2 protein on the polymerase processivity were
the EBV DNA replication on singly primed M13 ssDNA were performeddemonstrated by means of a template challenge assay
as described under Materials and Methods. Reaction mixtures (30 ml)
diagrammed in Fig. 9A. In the presence of four deoxy- contained 0.8 ng of the EBV DNA Pol complex isolated from EBV-
nucleoside triphosphates, singly primed M13 ssDNA cir- producing B95-8 cells, 24 ng of singly primed M13mp18 ssDNA (72
pmol in nucleotide), and the indicated amounts of the EBV SSB. Incuba-cle, coated or uncoated with the BALF2 protein, was
tion was for 20 min at 357 and quenched by addition of 5 ml of 200incubated at 357 with the DNA polymerase to allow bind-
mM EDTA. (A) 6 ml of the aliquots was analyzed for DNA synthesising of the polymerase to the template-primer coupling to
by measurement of the radioactivity incorporated into acid-insoluble
polymerization. After 5-min incubation a threefold excess material. The values were corrected as total nucleotide incorporation
amount of a second DNA substrate, primed fX174 in the reaction. (B) The remaining samples were used for analysis of
the replication products by electrophoresis in an alkaline 1.2% agarosessDNA, and a-32P-labeled dGTP were added to the reac-
gel. Lane 0, 0 mg of the EBV SSB; lane 1, 0.1 mg of the EBV SSB; lanetion and the incubation was continued for 15 min. The
2, 0.2 mg of the EBV SSB; lane 3, 0.3 mg of the EBV SSB; lane 4, 0.4products of the reaction were fractionated on a neutral
mg of the EBV SSB. Heat-denatured 5*-terminally labeled HindIII DNA
0.7% agarose gel (Fig. 9B). Under these conditions a fragments of l DNA were run as size markers. The positions of the
highly processive DNA polymerase would be expected to nucleotide length standards (base) are indicated at the left of B. Sites
1 and 2 represent major bands of pausing sites.synthesize predominantly M13 DNA while a completely
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FIG. 7. Effect of the EBV SSB on the time course of DNA synthesis on a singly primed M13 single-stranded DNA by the EBV DNA polymerase
complex. Series of reaction mixtures (30 ml each) contained 0.8 ng of the EBV DNA Pol complex isolated from the EBV-producing B95-8 cells, 24
ng of primed M13mp18 ssDNA (72 pmol in nucleotide). Replication assays were performed as described under Materials and Methods in the
presence (s) or absence (l) of 0.3 mg of the EBV SSB (2.3 pmol in protein molecule). Incubation was at 357. At the times (in minutes) indicated,
the samples (30 ml) were withdrawn and quenched by addition of 5 ml of 200 mM EDTA. (A) 6 ml of the aliquots was analyzed for DNA synthesis
by measurement of the radioactivity incorporated into acid-insoluble material. The values were corrected as total nucleotide incorporation of the
reaction. (B) The remaining samples were used for analysis of the replication products by electrophoresis in an alkaline 1.2% agarose gel. The
positions of the nucleotide length standards (base) are indicated at the left of B. Sites 1 and 2 represent major bands of pausing sites.
complex to challenger fX174 ssDNA (Fig. 9B, bottom, nucleic acid weight ratio of 13/1. We could roughly esti-
mate that the EBV SSB binds to single-stranded DNA atlane 2). A mixture of fX174 and M13 ssDNAs showed
about threefold as much incorporation of labeled nucleo- a molar ratio of approximately 1 EBV SSB monomer/30
nucleotides under the assumption that the native proteintides into the fX174 DNA as into the M13 DNA, consis-
tent with the molar excess of fX174 ssDNA over M13 has a molecular mass of 128 kDa. The binding site size
of the HSV-1 SSB, ICP8, has been estimated to be 1ssDNA circles. These observations clearly indicate the
highly processive mode of replication by the EBV Pol molecule per 40 nucleotides by retention of ssDNA to
nitrocellulose filter (Ruyechan, 1983) or per 22 nucleo-complex. However, the effect of the BALF2 protein on
replication was not so striking except that the BALF2 tides by nuclease protection assay (Hernandez and Leh-
man, 1990). The variation is likely due to the methodsprotein almost eliminated specific bands of pausing sites.
used. Filter-binding assay may lead to an overestimate
since less than fully saturated single-stranded DNA mayDISCUSSION
be bound to the filter.
The EBV SSB encoded by the BALF2 gene was a Studies on a number of SSB proteins have already
monomer of 128 K in solution (Figs. 1 and 3). The native revealed an distinctive structural motif (Gutierrez et al.,
forms of SSB proteins differ in different species (Kornberg 1991; Prasad and Chiu, 1987; Wang and Hall, 1990): (K/
and Baker, 1992): T4 gene 32 protein exists as monomer R)-X3-12-(K/R)-X4-15-(Y/F/W)-X3-36-(Y/F)-X4-13-(Y/F)-X0-27-(K/R)-
of 33.5 K, M13 gp5 is a dimer of 9.69 K subunits, and E. X6-11-(K/R). This was based on the best alignment of aro-
coli SSB is a tetramer of 18.9 K subunits. However, the matic and positively charged residues in a number of
binding mode of these SSB proteins to ssDNA appears SSB proteins, which otherwise lack a strong amino acid
to be similar, that is, cooperative binding. The binding homology. There are considerable evidences that these
curve of single-stranded DNA to nitrocellulose filter ob- aromatic and positively charged residues in the ssDNA
tained with increasing concentrations of the EBV SSB binding motif are directly involved in the binding of T4
(Fig. 4) can provide information on the cooperativity of gene 32 protein (Shamoo et al., 1989), fd gene 5 protein
binding. The binding curve of the EBV SSB does not (King and Coleman, 1988), E. coli SSB (Khamis et al.,
appear to be a perfect rectangular hyperbola that would 1987), and adenovirus SSB (Neal and Kitchingman, 1990)
be indicative of full noncooperative binding (Woodbury to single-stranded DNA. Since the EBV SSB possesses
and von Hippel, 1983). The slight but apparent sigmoidal the consensus motif (741–785 aa) as with other SSB
nature observed may be indicative of limited cooperativ- proteins, we speculate that a similar binding mechanism
ity. Furthermore, saturation of the labeled single- also occurs in ssDNA–EBV SSB complex.
Herpes simplex virus type 1 SSB, ICP8, is able to bindstranded DNA by the EBV SSB occurred at a protein/
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FIG. 8. Effect of the EBV SSB on the time course of DNA synthesis on a singly primed M13 single-stranded DNA by the BALF5 Pol catalytic
subunit or by the reconstituted complex of the BALF5 Pol catalytic subunit and the BMRF1 Pol accessory subunit. The BALF5 Pol catalytic subunit
and the BMRF1 Pol accessory subunit (0.5 ng of each) were preincubated at 07 for 10 min. Series of reaction mixtures (30 ml) contained the
reconstituted Pol complex and 24 ng of singly primed M13 single-stranded DNA (72 pmol in nucleotide). Replication assays were performed under
the conditions described under Materials and Methods in the presence (s, h) or absence (l, j) of 0.3 mg of the EBV SSB (2.3 pmol in protein
molecule). The same amount of the BALF5 protein alone was also preincubated and processed as described above. Reactions were incubated at
357 and sampled at the indicated times (in minutes). (A) After quenching by addition of 5 ml of 200 mM EDTA, 6 ml of the aliquots was analyzed
for DNA synthesis by measurement of the radioactivity incorporated into acid-insoluble material. The values were corrected as total nucleotide
incorporation of the reaction. (B) The remaining samples were used for analysis of the replication products by electrophoresis in an alkaline 1.2%
agarose gel. The positions of the nucleotide length standards (base) are indicated at the left of B. Sites 1 and 2 represent major bands of pausing
sites.
not only to single-stranded DNA but also to poly(rA) (Ruy- participate in DNA or RNA binding in several proteins
(Evans and Hollenberg, 1988), the low RNA-binding affin-echan and Weir, 1984), indicating that ICP8 protein could
interact with a poly(A) tail of mRNA transcripts. The ob- ity of the EBV SSB might be due to the absence of the
zinc finger motif in the EBV sequence (Gao et al., 1988).servation supports a model regarding the regulatory role
of the HSV-1 SSB on HSV-1 gene expression (Godowski Further experiments are needed to clarify the relationship
between them.and Knipe, 1988). However, the EBV SSB showed no
observable binding activity for poly(rA) (Fig. 5). HSV ICP8 When we used M13 single-stranded DNA as template
DNA, two classes of specific bands of replication prod-protein contains a zinc finger motif (aa 499–512) in addi-
tion to the ssDNA-binding domain. Since the zinc fingers ucts were synthesized: a predominant class (site 2) con-
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catalytic subunit paused at the secondary structures (site
1) on the M13 ssDNA template, incapable of synthesizing
efficiently through the duplex region. The addition of the
BMRF1 Pol accessory subunit to the BALF5 Pol catalytic
subunit resulted in a strikingly high increase in chain
lengths even in the absence of the EBV SSB. As has
been reported previously (Tsurumi et al., 1993a, 1994),
the BMRF1 Pol accessory subunit has been presumed
to form a complex with the BALF5 Pol catalytic subunit
to stabilize the interaction of the holoenzyme complex
with the 3*-OH end of the primer on the template DNA
during polymerization and exonucleolysis. It is likely that
the BALF5 Pol catalytic subunit when present with the
BMRF1 Pol accessory subunit remains on the primer
template longer than the BALF5 protein alone, thus in-
creasing the likelihood of polymerization through regions
of secondary structure which have a finite probability of
melting at the temperature of the assay. The in vitro-
reconstituted complex showed the same high degree of
processivity and polymerization rate as the intact enzyme
isolated from the EBV-producing lymphoblastoid cells,
suggesting strongly that the BMRF1 Pol accessory pro-
tein is interacting directly with the BALF5 Pol catalytic
subunit to form the Pol complex in vitro.
The mechanism of apparent stimulation of DNA syn-
thesis of the BALF5 Pol catalytic subunit by the EBV SSB
appears to be totally different from that by the BMRF1
Pol accessory subunit. Addition of the EBV SSB greatly
enhanced the DNA synthesis by the BALF5 Pol catalytic
subunit and produced a distribution of replication prod-
ucts with long lengths in addition to full length productsFIG. 9. Effect of the BALF2 protein on the DNA replication by the
by eliminating specific bands of pausing sites. The EBVEBV DNA polymerase in the presence of challenger DNA template.
(A) Scheme of challenger DNA experiment. (B) Autoradiogram of 0.7% SSB possibly reduced the stability of these impedimenta,
neutral agarose gel electrophoresis of the replication reactions. The thereby increasing the rate at which the template was
EBV DNA Pol catalytic subunit (top) or the EBV DNA Pol complex
fully replicated. Although the EBV SSB did not affect the(bottom) was incubated for 5 min (357) with 10 fmol of singly primed
rate of DNA synthesis by the EBV DNA Pol complex,M13 ssDNA (as circle), coated (lanes 5–8) or uncoated (lanes 1–4)
the SSB slightly increased the average chain length withwith the EBV SSB, in 30 ml of buffer C containing 25 mM each dNTP.
After the incubation the reaction was mixed with a solution (5 ml) con- elimination of the barriers. The addition of the BMRF1
taining 30 fmol of singly primed fX174 ssDNA (as circles) and 5 mCi Pol accessory protein to the intact Pol complex had no
of [a-32P]dGTP (3000 Ci/mmol). The incubation was continued further
effect on the replication rate, polymerase processivity, orfor 15 min before quenching with an equal volume of 1% SDS and 40
elimination of specific bands of pausing sites (data notmM EDTA. Replication products were applied to neutral 0.7% agarose
shown), verifying the different effect of the EBV SSB ongel electrophoresis and analyzed by Fuji Image Analyzer BAS 2000.
Lanes 1, 3, 4, 5, 7, and 8 are control reactions where the EBV DNA the polymerization. Further, the challenger DNA experi-
polymerase was added to M13 ssDNA (lanes 1 and 5), to fX174 ssDNA ment revealed that the BALF5 Pol catalytic subunit is
(lanes 4 and 8), or to a mixture of the fX174 (10 fmol) and M13 (30
frequently transferred to challenger DNAs in the pres-fmol) ssDNAs (lanes 3 and 7). The tick marks correspond to the position
ence of the BALF2 protein while the Pol complex is notof DNA standards detected by UV-induced ethidium bromide fluores-
transferred during polymerization. From these observa-cence.
tions the function of the EBV SSB on the EBV DNA replica-
tion appears not to act as a processivity factor of the
EBV DNA Pol catalytic subunit but to remove secondarytaining 2900–3000 nucleotides and a second class (site
1) whose length is about 500 nucleotides. These regions structures in the DNA, thus reducing and eliminating
pausing of the EBV DNA polymerase at specific sites.that block DNA Pols from passing through are known to
form particularly stable duplex hairpin structures (Villani Gottlieb et al. have examined the effect of the HSV
SSB (ICP8) on DNA synthesis by the HSV Pol catalyticet al., 1981). M13 replication origin which has several
hairpin structures is located within the region of site 1. subunit (UL30) and the HSV Pol complex (UL30/UL42) in
an identical primed M13 ssDNA-based assay (GottliebIn the absence of the EBV SSB, most of the BALF5 Pol
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origin-binding protein and dependence on Zta in cotransfectionet al., 1990). In the absence of the HSV SSB, at low ratios
assays. J. Virol. 69, 2998–3006.of the isolated HSV Pol catalytic subunit to template, the
Gao, M., Bouchey, J., Curtin, K., and Knipe, D. M. (1988). Genetic identifi-
predominant products were much smaller in size than cation of a portion of the herpes simplex virus ICP8 protein required
full length M13 strands, with the majority of products for DNA-binding. Virology 163, 319–329.
Godowski, P. J., and Knipe, D. M. (1983). Mutations in the major DNA-consisting of specific bands representing pausing sites
binding protein gene of herpes simplex virus type 1 result in in-on the template. On the other hand, the HSV Pol complex
creased levels of viral gene expression. J. Virol. 47, 478–486.(UL30/UL42) synthesized long DNA chains equal in size
Gottlieb, J., Marcy, A. I., Coen, D. M., and Challberg, M. D. (1990). The
to the template. These observations are well coincident herpes simplex virus type 1 UL42 gene product: A subunit of DNA
with those in the EBV Pol catalytic subunit and the EBV polymerase that functions to increase processivity. J. Virol. 64, 5976–
5987.Pol complex. However, they found no significant effect
Gutierrez, C., Martin, G., Sogo, J. M., and Salas, M. (1991). Mechanism ofof the HSV SSB on the activities of the HSV Pol complex
stimulation of DNA replication by bacteriophage f29 single strandedor the Pol subunit on primed single-stranded M13 sub-
DNA-binding protein p5. J. Biol. Chem. 266, 2104–2111.
strate: addition of the HSV SSB did not affect the overall Hammerschmidt, W., and Sugden, B. (1988). Identification and charac-
distribution of the length of the products synthesized by terization of oriLyt, a lytic origin of DNA replication of Epstein–Barr
virus. Cell 55, 427–433.the HSV Pol catalytic subunit or by the Pol complex. In
Hernandez, T. R., and Lehman, I. R. (1990). Functional interaction be-contrast, the addition of the EBV SSB resulted in the
tween the herpes simplex-1 DNA polymerase and UL42 protein. J.totally different distribution of the length of the products
Biol. Chem. 265, 11227–11232.
synthesized by the EBV Pol catalytic subunit. Relatively Kallin, B., Sternas, L., Saemundssen, A. K., Luka, J., Jornvall, H., Eriksson,
long DNA products, some of which approached full B., Tao, P-Z., Nilsson, M. T., and Klein, G. (1985). Purification of
Epstein–Barr virus DNA polymerase from P3HR-1 cells. J. Virol. 54,length, were synthesized. Furthermore, the EBV SSB re-
561–568.duced the density of specific bands representing pausing
Khamis, M. I., Casas-Finet, J. R., Maki, A. H., Murphy, J. B., and Chase,sites synthesized by the EBV Pol complex. The same
J. W. (1987). Investigation of the role of individual tryptophan residues
effects of the BALF2 protein were observed when we in the binding of Escherichia coli single-stranded DNA binding pro-
used increasing amounts of the Pol catalytic subunit or tein to single stranded polynucleotides. J. Biol. Chem. 262, 10938–
10945.the Pol holoenzyme. Therefore the EBV SSB (BALF2 pro-
Kiehl, A., and Dorsky, D. I. (1991). Cooperation of EBV DNA polymerasetein) and the HSV SSB (ICP8) may have very different
and EA-D (BMRF1) in vitro and colocalization in nuclei of infectedeffects on the cognate polymerase.
cells. Virology 184, 330–340.
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